Introduction
Autistic disorder 1 (MIM 209850) is increasingly viewed as a complex neurodevelopmental disease, produced by a variety of etiological agents. [2] [3] [4] [5] Genetic contributions to autistic disorder have received support both from family and twin studies. 6, 7 Latent class analyses performed on family and twin data, 8 and some linkage studies, [9] [10] [11] [12] point toward a relatively small number of major loci conferring predisposition to the disease in most affected individuals. Other linkage findings, compatible with more than 15 major loci, support broader genetic heterogeneity. cribed in post-mortem studies of brains of autistic patients are most compatible with alterations of neurodevelopmental processes beginning as early as the first trimester of pregnancy. [14] [15] [16] [17] Further evidence supporting prenatal factors in autism etiology comes from the fine motor abnormalities detected at 4-6 months of age or even at birth in children later developing autistic symptoms. 18 Mutations in genes coding for proteins relevant to neural development could thus contribute to the disease process.
Converging lines of evidence are consistent with a possible role of the human reelin (RELN) gene in autistic disorder: (i) Reelin is a signalling protein that plays a pivotal part in the migration of several neuronal cell types and in the development of neural connections; [19] [20] [21] [22] [23] [24] [25] (ii) despite large inter-individual differences, the cytoarchitectonic alterations described in autistic brains [14] [15] [16] [17] significantly overlap with the topography of developmental alterations found in the brains of reeler mice, devoid of Reelin due to spontaneous deletions of the reelin gene; 19, 20, 24 (iii) the RELN locus maps in close proximity or within the portion of chromosome 7q linked to autistic disorder in the majority of genome screens published to date. [9] [10] [11] [12] In this study, we describe significant linkage/ association between autistic disorder and a polymorphic triplet repeat located in the 5Ј UTR of the RELN gene, immediately adjacent to the ATG initiator codon, as well as with specific haplotypes formed by this polymorphic repeat with two single-base substitutions located in a splice junction of exon 6 and within the coding sequence of exon 50.
Subjects and methods

Subjects
This study involved 186 unaffected controls, 184 autistic patients, and 395 first-degree relatives, belonging to 172 singleton and five multiplex families, yielding a total of 172 complete and 12 incomplete trios. Five distinct samples were collected in Italy and in the United States, and have largely been described in previous studies. 12, 26, 27 Demographic characteristics of patients and controls are summarized in Table 1 . Briefly, 61 patients were recruited at the Department of Child Neuropsychiatry of the II University of Naples (Naples, Italy), 25 were consecutively admitted to the Division of Child Neuropsychiatry, IRCCS 'Ospedale BambinoGesù ' (Rome, Italy), nine were recruited at the Clinic for Autism and Developmental Disabilities at LUCBM (Rome, Italy), 44 patients from 32 singleton and five multiplex families of Caucasian-American descent were recruited at the Southwest Autism Research Center (Phoenix, Arizona), and 45 patients were recruited by the Collaborative Linkage Study of Autism (CLSA) at the University of Iowa College of Medicine (32 trios) and at the New England Medical Center/Tufts University School of Medicine (13 trios) sites. All controls were Caucasian individuals of Italian descent. Twenty-one unaffected controls were recruited among medical and nursing students at LUCBM (Rome, Italy); the remaining 165 individuals had blood drawn at the Laboratory of the 'S Cuore' Clinic, as prescribed by family practitioners for a broad range of physical complaints unrelated to any psychiatric disorder.
Inclusion criteria for autistic probands were pre- 12, 26, 27 Briefly, all patients fulfil DSM-IV diagnostic criteria for Autistic disorder. 1 Patients from Italian sites and from Arizona were screened for primary autism using MRI, EEG, audiometry, urinary aminoacid and organic acid measurements, cytogenetic testing. 26, 27 All patients, including those recruited by the CLSA, received fragile-X testing performed according to standard Southern blotting techniques. 28 Patients with dysmorphic features were excluded, even in the absence of detectable cytogenetic alterations. Patients with sporadic seizures were included; patients with frequent seizures or focal neurological deficits were excluded. Autistic behaviors were characterized both in Italy and in the USA using standard scales, namely the Childhood Autism Rating Scales 29 and the Vineland Adaptive Behavior Scales. 30 Italian probands only were assessed also using the Griffiths Mental Developmental Scales 31 and the Autism Behavior Checklist; 32 probands from the CLSA were assessed only by the Autism Diagnostic Interview 33 and Autism Diagnostic Observation Schedule-Generic; 34 patients from Arizona were also assessed using the Leiter International Performance Scale. 35 Frontal-occipital head circumference was measured using a non-stretchable measuring tape and macrocephaly defined as a head circumference Ͼ97th percentile. 36 All parents gave written informed consent for themselves and for their children. The consent form was approved by the IRB of LUCBM.
Southern blotting
Blood samples were obtained by venipuncture in EDTA-containing sterile tubes and genomic DNA was extracted using the method of Lahiri and Nurnberger. 37 For most probes, 10 g of DNA from 19 normal controls were digested overnight with BamHI, EcoRI, HaeIII, HincII, HindIII, HinfI, MspI, PstI, RsaI, SacI, TaqI, or XmnI. DNAs from 41 complete trios including autistic offspring and both parents were subsequently digested using XmnI. Restriction digests and Southern blotting were performed according to standard protocols. Blots were hybridized to cDNA probes RT72, A111, C121, P82F1 or P81E4 spanning the entire human RELN gene, 38 kindly provided by Drs U DeSilva and ED Green, random primed with digoxigenin-labelled dUTP (Boehringer Mannheim, Indianapolis, IN, USA). Hybridization patterns were detected by chemi-Molecular Psychiatry luminescence, using alkaline phosphatase-conjugated anti-digoxigenin antibodies and Lumigen PPD, as recommended by the manufacturer (Boehringer Mannheim).
RNA-SSCP and DNA sequencing
Genomic DNA from the 5ЈUTR, the 3ЈUTR and from 41 of the 65 exons of the RELN gene 39 was amplified by polymerase chain reaction (PCR) in 46 autistic individuals and two normal controls, using primer sequences available from the authors upon request. Transcription and RNA-SSCP were performed according to standard protocols. 40 PCR products displaying altered mobility after in vitro transcription and RNA-SSCP analysis, were excised from the gel and DNA sequence was determined using an automated sequencer (ABI373A, Applied Biosystems-Perkin Elmer, Foster City, CA, USA), according to manufacturer's protocols. Also the 5ЈUTR and promoter regions of six autistic patients and two normal controls, PCR-amplified into six fragments spanning bases −928 to +45 around the ATG initiator codon, were subject to sequence analysis.
Genotyping
Polymorphism characteristics and genotyping procedures are summarized in Table 2 . The 5ЈUTR GGC repeat was amplified using a 'hot start' protocol and a fluorescent primer; fragment size was initially confirmed by direct sequence analysis. The A/G transversion located in the 5Ј splice junction of exon 6 and the T/C transversion in exon 50 were genotyped by PCR amplification followed by restriction digest (Table  2B ). Another single-base substitution located in the 3Ј splice junction of exon 54 (see Results) was amplified using primers 55FMut (5Ј-TCTTCGAGGTGCAAA GTGAG-3Ј) and 55R (5Ј-CTCCATCGGTAGAGTAG TCC-3Ј), 8% DMSO and annealing at 60°C (30 s) for 35 cycles. PCR products were digested with HinfI and run in 3.5% agarose, resulting in either a normal (292 bp) or in a mutated (271 + 21 bp) allelic pattern. The potential impact of mutations located within splice junctions (ie, exons 6 and 54) on probability of splicing was assessed using the SIGNAL program (PC/GENE package, v. 6.7). 41 Serotonin blood levels Blood samples were centrifuged for 25 min at 4°C and 140 × g within 20 min after venipuncture, according to standard protocols; 42 1 ml of supernatant (ie, plateletrich plasma) was stored at −80°C and assessed by HPLC, as described. 27, 43 Statistical analyses Heterozygosity and Polymorphism Information Content (PIC) values were assessed using the PIC program. 44 Hardy-Weinberg analyses were performed using the ASSOCIAT program. 44 Heterogeneity of allelic and genotypic distributions was assessed by the 2 statistics, except for the triplet repeat polymorphism which generated large contingency tables with many rare genotypes or alleles. In order to avoid combining cells without a priori evidence of functional correlates or reducing the power by repeatedly contrasting each genotype/allele against all remaining ones, comparisons of this sort were carried out using the CLUMP program, which implements a Monte Carlo simulation strategy. 45 T1 2 statistics reported here were obtained after a number of simulations, such that T1 2 values were reached at least 20 times, as suggested. 45 Familybased linkage/association analyses were performed applying the transmission/disequilibrium test (TDT), where preferential allelic transmission from heterozygous parents to affected offspring is tested by applying the (b − c) 2 /(b + c) statistics and the 2 ('McNemar test'). 46 Tests involving the triplet repeat required the extended TDT for multiallele marker loci, implemented by the ETDT program. 47 Association was also tested using the haplotype-based haplotype relative risk (HHRR), 48 which may be slightly more powerful than the TDT in detecting linkage disequilibrium assuming random mating. 49 TDT and HHRR analyses were performed on complete trios only, to avoid introducing a bias by reconstructing parental genotypes of missing parents in incomplete trios. 50 Analyses performed disregarding parent-of-origin, also included complete trios where parent-of-origin could not be determined due to heterozygosity of all trio members. Haplotype frequencies were estimated using the 3LOCUS program, which implements an expectation maximization approach. 51 The same program was used to assess linkage disequilibrium between the three polymorphisms employed in this study. The statistical significance of the G test statistic was assessed by comparison with a simulated null distribution using 1000 replications. 51 TDT analyses for quantitative traits (ie, 5-HT blood levels and head circumference) were performed contrasting transmission patterns following extreme sampling of the quantitative trait (usually Ͻ10th vs Ͼ90th percentile), by using the TDT Q2 statistics on complete trios, as described. 52 Sample sizes were established by power analyses performed using the POWER program. 53 Odds ratios (OR) and 95% confidence intervals (CI) were calculated, as described. 54 Data are expressed as mean ± SEM, except for age, expressed as mean ± SD, and head circumference, expressed as median percentile ± semiinterquartilic range (IQR). Two-tail P values were applied throughout, unless otherwise specified. Statistical significance was set at P Ͻ 0.05, except for initial case-control and TDT assessments of triplet, exon 6 and exon 50 polymorphisms (see Results), where the conservative Bonferroni correction, ie ␣Ј = 1 − (1 − ␣) l/k , was applied due to repeated testing of three polymorphisms in the same individuals, resulting in significance set at P Ͻ 0.0168.
Results
Polymorphisms and mutations in RELN
Southern blots of 19 normal controls hybridized with cDNA probes RT72, A111, C121, P82F1 or P81E4 span- ning the entire human reelin gene, 38 revealed several Restriction Fragment Length Polymorphisms (RFLPs). Hybridization of a set of blots containing XmnI-cut DNAs from 48 nuclear families with Italian autistic probands did not show de novo pattern alterations compatible with moderately-sized DNA rearrangements or microdeletions in the affected offspring. In general, not all polymorphic restriction patterns could be reliably interpreted, due to their complexity, and were thus not employed in subsequent linkage/ association studies.
Five polymorphisms were instead identified either by comparing database sequences or by using RNA-SSCP. Three of these polymorphisms were subsequently used for linkage/association and haplotype analyses: (1) immediately 5Ј of the ATG initiator codon, RELN contains a GGC repeat. The human reelin mRNA sequence displays 10 repeats, while the 5Ј portion of RELN present in BAC clone RG126M09 displays only eight GGC repeats (Table 2A) . We thus hypothesized that the number of triplet repeats might be polyMolecular Psychiatry morphic and indeed found six different alleles in 186 controls, ranging between 8 and 14 repeats, with 8 and 10 being the most frequent alleles in the general population (Table 3) . Additional 4-, 7-, 15-, and 23-repeat alleles were found in autistic individuals or in their first-degree relatives (Tables 3 and 4) ; (2) RNA-SSCP analysis yielded polymorphic patterns in sequences reverse-transcribed from exon 6, 50 and 54, and flanking intronic sequences. An A/G transversion in the 5Ј splice junction of exon 6, three bases into intron 5 from the actual splice site, generates a PvuII restriction site (Table 2B ). Computer analysis using the SIGNAL program 41 predicts this mutation to significantly influence the probability of this acceptor site to act as such, with scores dropping from −15.6 for A1 to −19.2 for A2 (−22 is the cut-off for a sequence to be recognized as an acceptor splice site); (3) two conservative single-base mutations were identified in exon 50. A conservative T/C transversion, affecting the 3rd base of the CAT coding for histidine 2682 ('normal' allele), eliminates an NlaIII restriction site ('mutated' allele) (Table 2B ); a second conservative T/C mutation (nt 113-492 in BAC clone RG107G13, and nt 8062 in the human reelin mRNA) affects the 3rd base of the CCT coding for proline 2630. Since both mutations are conservative and occur within the same exon, only the former mutation was employed in subsequent linkage/association studies. (4) A G/C mutation (nt 96 145 in BAC clone RG107G13) located within the intronic portion of the 3Ј splice junction of exon 54 was found in few heterozygote individuals, namely 6/86 (6.9%) of fathers, 2/93 (2.1%) of mothers, 5/99 (5.0%) of autistic patients and 2/30 (6.6%) of unaffected sibs, yielding five transmissions and three non-transmission of the rare Callele. This mutation leaves probability of splicing practically unchanged (score = −21.2 for G and −21.1 for C sequences). Given its low frequency and minimal predicted impact, it was not pursued further.
Triplet repeat, exon 6 and 50 (T/C) polymorphisms were adequately informative (Table 2A) and displayed no significant deviation from Hardy-Weinberg equilibrium (data not shown).
Case-control association study
Genotypic and allelic frequencies of GGC triplet repeats assessed in 186 unaffected Caucasian individuals of Italian descent were significantly different from those of 95 autistic patients belonging to the same racial and ethnic group (Table 3 (Table 1) .
Family-based linkage-association study
Positive case-control associations can stem from stratification due to ethnically-biased sampling. Associations in complex disorders also require replication in different samples. Power analyses indicated 170-200 trios as necessary to achieve a statistically significant association with the triplet repeat polymorphism, adopting ␣ = 0.0168 (ie, 0.05 applying Bonferroni's correction), ␤ = 0.20, and the effect size found in our case-control study. We thus genotyped an additional 89 Caucasian-American autistic patients of European descent, and 395 first-degree relatives, yielding a total of 172 complete and 12 incomplete trios (Table 4 ). All subjects were completely genotyped, except for one Italian autistic patient, two American fathers and two American mothers, for whom reliable exon 50 genotyping was not achieved. Extended TDT analysis of the 172 complete trios confirmed the preferential transmission of 'long' triplet repeat alleles (ie, Ն 11 repeats) to autistic patients ( 2 for allele-wise TDT = 21.42, 9 df, 2-tail P Ͻ 0.05 after Bonferroni's correction), at the expense of the 8-repeat allele (Table 4) . Importantly, transmission disequilibrium patterns significantly differ between affected vs unaffected sibs (T1 2 = 20.81, 2-tail P Ͻ 0.001 following 30 000 simulations), with the latter showing enhanced transmission of the 8-repeat allele (26/43, 60.5%) and reduced transmission of 'long' alleles (6/19, 31.6%) ( Table 4) . Transmission of a 'long' allele from either parent significantly enhances in our families the overall probability of a child being affected with an OR = 3.2 (95% CI 1.5-6.5), whereas risk estimates for the Italian population from our casecontrol study yield an OR = 2.2 (95% CI 1.1-4.5). Preferential transmission of 'long' alleles is found in all samples, although to a different extent, with odds (Table 4) . Enhanced transmission of 'long' alleles at the expense of the 8-repeat allele occurs from both parents, but only maternal transmission disequilibrium reaches statistical significance ( 2 for maternal allele-wise TDT = 15.52, 6 df, 2-tail P Ͻ 0.05; 2 for paternal allele-wise TDT = 8.18, 7 df, 2-tail P = 0.32, ns). Also linkage disequilibrium analyses support the association, with patients displaying higher normalized disequilibrium coefficients (DЈ) than controls (Table 5) , although none of the DЈ values reaches statistical significance. TDT analyses for quantitative traits 52 (ie, cranial circumference and 5-HT blood levels), contrasting transmission patterns in families with probands above the 90th or below the 50th or 10th percentile, yield no difference when sampling is based on cranial circumference, and a trend toward preferential transmission of long alleles in families with probands displaying 5-HT blood levels below the median (TDT Q2 2 = 2.55, 1 df, 2-tail P Ͻ 0.11, ns). TDT analyses of exon 6 and exon 50 polymorphisms confirm the non-significant trend toward preferential transmission of A1 allele for exon 6 ( 2 = 1.71, 1 df, 2-tail P = 0.19, ns) and the lack of association with the exon 50 polymorphism ( 2 = 0.23, 1 df, 2-tail P = 0.63, ns) seen in the case-control study (data not shown).
Case-control and family-based haplotype analyses
The distribution of haplotype frequencies estimated by the 3LOCUS program 51 in 186 controls differed significantly from the distribution estimated for 94 Caucasian autistic patients of Italian descent completely genotyped for all three polymorphisms (T1 2 = 32.91, P Ͻ 0.01 after 10 000 simulations). Haplotypes in bold in Table 6 appear more frequently in patients than in controls. This pattern strikingly overlaps with patterns of preferential transmission to affected vs unaffected offspring (T1 2 = 38.31, P Ͻ 0.001 after 10 000 simulations), when HHRR is performed on a sample including both Italian and Caucasian-American trios completely informative for all three polymorphisms (Table 6) .
Discussion
The present study provides evidence supporting linkage/association between RELN gene variants and autistic disorder, using both a case-control and a family-based design. Although 'long' triplet repeat RELN alleles (ie, Ն11 repeats) characterize only 20% of our patients, this result fits well with expected single gene contributions to a complex disorder, such as autism. 'Long' alleles, collectively, are transmitted to the affected offspring in 31/43 (72.1%) informative meioses, vs only 6/19 (31.6%) meioses in unaffected sibs ( Table 4) . Transmission of a 'long' allele from either parent significantly enhances in our families the overall prob- ability of a child being affected. This trend is consistently present in all four samples assessed in this study (Table 4) , and is paralleled by preferential transmission of most haplotypes encompassing 'long' triplet repeat alleles (Table 6 ). Furthermore, unaffected siblings of autistic children show an opposite trend, with 'short' repeat alleles transmitted more frequently and 'long' alleles less frequently than expected (Table 4) . Finally, the specificity of these findings is strengthened by the lack of association between these same polymorphisms and neurological conditions unrelated to autism but possibly involving the reelin pathway, namely Alzheimer's disease 55 (Dal Forno, Aronni, Persico and Keller, manuscript in preparation).
These results spur interest in the potential involvement of RELN in autistic disorder. On one hand, autistic patients do not show deletions similar to those generating an autosomal recessive form of lissencephaly, 56 or the Edinburgh/Jackson and Orleans strains of reeler mice. 57, 58 In the plasma of autistic patients and firstdegree relatives, we do find reelin-like immunoreactivity, displaying a molecular weight and antibody specificity consistent with its identification as full-length Reelin (Quattrocchi, Keller and Persico, unpublished observation). Moreover, despite significant interindividual variability, the distribution of brain regions displaying microscopic anatomical alterations in brains of autistic patients [14] [15] [16] [17] largely overlaps with that of reeler mice, [19] [20] [21] [22] [23] [24] [25] particularly in the brainstem and cerebellum: both reeler and autistic brains show decreased Purkinje cell numbers, dysplasia of the dentate nucleus (lateral nucleus in mice) with reduced cell counts in adults, dysplastic inferior olives, cytoarchitectonic alterations in the facial nucleus, hippocampus, entorhinal cortex and amygdala. Although autistic brains do not show the most characteristic feature of reeler brains, namely an inverted cortical lamination, converging evidence from neuropsychological, 59 brain imaging, 60 and oculomotor studies, 3, 61 coupled with the high frequency of seizures and abnormal EEG recordings in these patients, strongly points toward altered neuronal wiring at the neocortical level.
Our results point toward longer triplet repeat alleles directly conferring vulnerability toward autistic disorder, despite not being responsible for autistic disorder per se. Conceivably, a variety of environmental or genetic factors with pleiotropic effects on brain development could hit around the time of onset of RELN gene expression in the brain. These agents could derange neurodevelopment by affecting the expression of several genes, including RELN, as described in mice prenatally infected with human influenza virus. 62 Although no evidence has thus far been produced directly linking the triplet repeat to transcriptional or translational efficiency, the CG-rich 5Ј UTR encompassing the polymorphic GGC repeat suggests the existence of strong transcriptional regulation, which might be even tighter in the presence of 'long' alleles. Interestingly, Reelin mRNA transcripts are first detected at E8.5 in mice, 63 but Reelin protein becomes detectable at the extracellular level only around E13, 25 similarly, neocortical Reelin protein in humans can be detected starting around the 5th week of gestation, 64 this timing strikingly coincides with the recently-proposed time window of maximal vulnerability to autism-inducing agents. 16 This model indeed holds some heuristic potential, but must be viewed with caution until the role of triplet repeat alleles in RELN gene expression will be definitively proven by ongoing in vitro experiments.
The RELN locus maps in 7q22, 38 in proximity or within the portion of chromosome 7q yielding positive lod scores in most linkage studies published to date. [9] [10] [11] [12] The partial and incomplete overlap of 7q segments linked to autistic disorder in different genome scans suggests that this region may contain more than one gene conferring autism vulnerability. 65 RELN appears distinct from a more telomeric locus, positioned in 7q31-33, yielding highest lod scores in most, 9, 11, 12 though not all studies. 10 Still, IMGSAC families from outside the UK interestingly produce a positive peak encompassing the RELN locus, 9 reaching a lod score of approximately 1.5 and partly overlapping with the peak found by Phillippe and colleagues, 10 reaching a lod score of approximately 0.85. We must thus con-
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clude that, although RELN may be one of the loci contributing to the positive linkage between chromosome 7q and autistic disorder, it is probably neither the only locus nor most likely the major one. On the other hand, linkage studies based on multiplex families may be biased toward the identification of loci involved in rarer, familial forms of autism, while those involved in the more frequent, sporadic forms could go undetected using this approach.
More research is also needed to phenotypically characterize patients with 'long' triplet repeat alleles or with specific haplotypes, due to large interindividual variability and to the limited sample size of individuals carrying the alleles of interest. The lack of strong preliminary evidence pointing toward specific biochemical or morphological phenotypes associated with 'long' alleles may suggest that 'long' alleles confer a broadbased vulnerability, while primary etiological factors or epistatic interactions may be directly responsible for intermediate phenotypes, such as macrocephaly 36 or hyperserotoninemia. 43 Recent findings of decreased RELN mRNA and protein levels in post-mortem studies of schizophrenic brains 66 spur interest into 'two-hit' vulnerability models, where liability factors may be shared, while the timing and nature of primary etiological factors may generate distinct clinical pictures. Such models could also explain the clinical heterogeneity found in pairs of monozygous twins concordant for autism. 7 Although our evidence points toward triplet repeats directly conferring autism vulnerability, we cannot presently exclude that this polymorphism may instead be in linkage disequilibrium with another mutation located in its proximity. The possible involvement of other loci appears remote, given the rate at which linkage disequilibrium decreases in this region. On the contrary, though no promoter variants were identified here by sequence analysis in six autistic patients, linkage disequilibrium of specific haplotypes with mutations possibly influencing RELN gene expression might well explain the outcome of our haplotype analyses (Table 6 ). Disequilibrium patterns appear to differ somewhat between Italian and Caucasian-Americans (Table 5) ; these differences might, in principle, contribute to the different strength of the association in Caucasian-American and Italian families. The ethnic dishomogeneity in allelic and genotypic distributions described here certainly underscores the need for caution in interpreting case-control findings in the future. Mutations involving intron sequences might also affect gene expression and are being actively searched in intron 1. Furthermore, consistent portions of the RELN locus, which could in principle host relevant mutations, are not in disequilibrium with the polymorphisms employed in the present study. Our ongoing mutational search has largely covered, yet not completed, the entire coding sequence of the reelin gene, which spans 65 exons. 39 Finally, as mutations have a 70-85% probability to result in conformational changes of transcribed RNA strands detectable by RNA-SSCP, 40 we cannot exclude that a very limited number may have gone undetected using our methods.
In conclusion, this study indicates that RELN gene alleles may confer a sizeable vulnerability toward the development of autistic disorder. Further replications of our genetic findings and in vitro assessments of allelic influences on gene expression will be required to conclusively support our model. We would thus like to emphasise that extensive genetic testing of RELN genotypic status for the purpose of aiding in early diagnosis is not justified at this stage. We also hope our findings will spur further research into the neurobiological underpinnings of RELN function, which could conceivably pave the way for therapeutic interventions.
